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Abstract
The Sports Utility Vehicle (SUV) has been a popular automobile choice in North America for
over 50 years due to its seating and hauling versatility and good towing capacity. This
widespread popularity has resulted in manufacturers pushing for increased horsepower and cabin
size. Unfortunately, the limiting factor has been fuel economy which is governed by the vehicle
aerodynamics. A reduction in aerodynamic drag can result in better fuel economy. The goal of
this study is to reduce the aerodynamic drag of a generic SUV and the efficient application of
drag reduction devices to control flow separation. An initial study has been done on a generic
SUV modeled in SolidWorks which is compatible with most of the SUV models used in the past
few years. The numerical simulations have been performed in Star CCM+ where polyhedral
mesher, prism layer mesher and surface remesher have been used to generate mesh. The RANS
(Renolds Average Navier Stokes) equations with standard K- ɛ model has been employed to
analyze the turbulence modeling. Based on the results from the baseline simulation,
modifications tools have been employed to make the model aerodynamic. In this study, the
effects of addition of rear wings, vortex generators and change in shape and size of side mirrors
on the external flow pattern and aerodynamic drag of the generic SUV model have been studied.
The numerical simulations have been performed by adding the modification tools both
individually and combinedly. The result obtained from this study can play significant role for the
upcoming models of SUVs.
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1 Introduction
All SUVs do not have four-wheel drive capabilities and all four-wheel drive passenger vehicles
are not SUVs. SUVs are not able to switch among two-wheel and four-wheel-drive high gearing
and four-wheel-drive-low gearing. In the United States, four-wheel-drive SUVs are considered
light trucks while they are regulated less strictly than passenger cars.
Though SUV sale declined temporarily because of its low fuel efficiency in 2010, it has taken
one of the world’s largest automotive sections since 2015. It dominates almost 23 % of global
light vehicle sales and almost 37 % of world’s passenger car market [1].
The size of the SUV varies in a wide range from small size weighing 1 ton to large size weighing
up to 3 tons. Today automobile manufacturers are trying to build a better image of SUVs by
making them more aerodynamically efficient to reduce aerodynamic drag without compromising
the aesthetics.
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1.1 Benefits of SUV
SUVs have attractive features like more cabin space, sturdy structure, durability, etc., that have
made it popular among vehicle users over the years.
SUVs are more spacious than other type of passenger cars. Because of size and stronger chassis,
it can carry more weight and offer more comfortable seating with spacious interior, and ample
leg and head room. It is bigger and taller which gives the benefit of carrying more
passengers. Not only do SUVs offer plenty of seating, but there is also a lot of room for extra
baggage. It has a higher roof and seating position that allows the driver to get a better view of the
road conditions.
Its structure enables the SUV to be more robust, durable, with a higher hauling and towing
capacity. Due to its robust and strong structure, SUVs stand out on the road in extreme weather
conditions. The transmission and differentials of SUVs allow them to perform well on off-roads
too.
Due to its higher ground clearance, it makes driving smoother on rugged terrain. Also, many
SUVs come with underbody protection with abrasion-resistant material like skid plates to
prevent damage to the underside when contact is made with the ground.
The SUV is compatible for all kinds of weather conditions. Due to weighing more, it enables
better handling and its wider wheels allow better grip and more stability on the road making
driving easier in difficult conditions. In all weather conditions like heavy snowfall, heavy rains,
sandy dunes or thick mud, an SUV will outperform any standard car.
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1.2 History
Before 1980 SUVs were marketed as 4-wheel-drive station wagons. The light commercial and
light wheeled military/utility vehicles, especially the world War II Jeep or 4x4 Dodge WC series
½ ton and ¾ ton trucks are considered as the descendants of old version of SUV-like vehicles.
After the war, the first civilian- production four-wheel drive cars for sale were rugged, utilitarian
Jeep – boxy models having short-wheels, e.g. the Willys Jeep (1945) and the Land Rover (1948)
[2].
The truck-framed station wagons were the earliest examples of longer-wheelbase to which fourwheel drive was added, first of all the 1946 Willys Jeep Station Wagon, launched a year before
its 1947 Jeep truck, and offered with 4-wheel-drive starting 1949. The 1946 Willys Jeep Station
Wagon designed by Brooks Stevens, is considered as the “first true SUV”. It was produced in the
US until 1965, and into the 1970s in Argentia and Brazil. According to the Hemmings Motor
News, 1963 Jeep Wagoneer are called “the progenitor of the popular Sports Utility Vehicle” that
“combine(s) utility, handsome good looks and multiple surface capabilities” [2]
The 1984 Jeep Cherokee (XJ) was the first Sports Utility Vehicle in the modern understanding of
the term. In the 1990s and early-2000s SUVs became popular in the United States. The US
automobile companies could make profit margins of $10000 per SUV, while losing a few
hundred dollars on a compact car [2].
Due to high oil prices and the declining economy, sale of SUVs fell in the mid-2000s. The
General Motors decided to close its SUV plant since the company cited decreased sales of large
vehicles because of rising fuel prices. Again in 2010, SUV sales started growing because of
decreasing gasoline prices [2]. The small and compact SUVs, when compared with other
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vehicles in the light truck segment, have made this vehicle segment one of the highest selling
vehicle segments in the automotive industry in 2013 [2].
When GM and Ford introduced their updated model in 2014 for the 2015 model year, there was a
revival among customer due to better fuel economy, new engines, and updated features [2].
In 2016, the sale of SUVs was 29% of all cars, pickups and MPVs (Multipurpose Vehicles). The
majority of these were the C-SUV and B-SUV segments [8].

Sale in Percentage

30

2016 Sales by Segments

20

2015
2016

10
0

Vehicle Type

Figure 1: Sales segments of SUVs and other vehicles in 2016 [8]
According to European Commission [40],
A-segment: Defined as the smallest category of passenger cars, e.g. Fiat 500, Toyota Aygo
B-segment: The second smallest category of passenger cars. It is described as small car , e.g.
Toyota Yaris, Ford Fiesta
C-segment: The third smallest category of passenger cars. It is described as medium car e.g.
Volkswagen Golf, Ford Focus
D-segment: The third largest category of passenger cars. It is described as large car, e.g.
Volkswagen Golf, Ford Focus
14

E-segment: The second largest category of passenger cars. It is described as exclusive car , e.g.
Audi A6, Chevrolet Impala
F-segment: The largest category of passenger cars. It is described as luxury car , e.g. Jaguar XJ ,
Porsche Panamera
Sports car: Two-seater car e.g. Mazda MX 5
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2 Literature review
2.1 Aerodynamics of SUV
The major objective of vehicle aerodynamic analysists is decreasing drag and keeping lift at a
desired level without compromising its speed or any other significant features. Sometimes
producing downforce for better traction and stability becomes a matter of concern. This study
focuses mainly on the aerodynamic drag of SUV.
Aerodynamic drag can be defined as friction force or resistance that acts in opposite direction of
the relative motion of an object [10]. Drag force depends on the properties of both the fluid and
the object. Equation (1) represents the drag force.

𝐹𝐷 =

1 2
𝜌𝑣 𝐶𝐷 𝐴
2

(1)

Where,
FD is the aerodynamic drag force
ρ is the fluid density
 is the speed of the object moving relative to the fluid
A is the reference area
CD is the coefficient of drag which depends on Reynolds number (Re)

𝑅𝑒 =

𝜌𝑣𝐿
𝜇
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(2)

where,
Re is the Reynolds number
L is the characteristic linear dimension
µ is the dynamic viscosity of fluid
From equation (1) it can be easily understood that drag force will be higher when the vehicle will
move in higher speed.
Due to the turbulence created underneath the chassis, SUVs having a greater ground clearance
have more aerodynamic drag. Also, when the wheels/tires are large, the rolling creates more
spiral motion of air and thus more turbulence is developed causing more drag force [11].
The greatest challenge for the vehicle manufacturers is to design and develop smoother and more
aerodynamic shapes to reduce the SUV’s coefficient of drag.
If any sudden change of the cross-sectional area can be avoided the flow pattern becomes more
aerodynamic. The air flow pattern changes with the shape of the vehicle.
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2.2 Reduction of Aerodynamic Drag
Studies that have analyzed the aerodynamic drag of the Sports Utility Vehicle and used different
devices to reduce the drag coefficient have been reviewed.
Moussa et al [13] showed in their study that continuous suction is a promising strategy that does
not have a major impact on vehicle geometry but can reduce aerodynamic drag. They calculated
that the properly designed suction mechanism can reduce drag by up to 9%.
With the addition of rear suction, wake zone has changed shape. The flow at the lower end of the
SUV has been reduced and its core shifted slightly away toward the wake due to the suction silt.
Wahba showed how the lateral guide vanes can reduce the aerodynamic drag of an SUV [14].
The guide vanes were used to direct air into the low-pressure wake region so that pressure can be
improved, which in turn would reduce form drag and hence the overall aerodynamic drag. This
study has also shown that guide vanes with symmetric airfoil cross-sections result in higher
percentage drag reduction as compared to asymmetric cross-sections. Maximum improvement in
drag coefficient was achieved for the guide vane with NACA 2412 cross section at 5° angle of
attack [14].
Yuri Antonio Sevilla analyzed the effect of vortex generators [15]. The study showed how the
aerodynamic drag of an SUV is affected by the shape and height of the vortex generator.
Between the bump-shaped and delta wing vortex generators, the bump-shaped design reduced
the drag more. The drag coefficient was the lowest for the bump-shaped VG with a height of 25
mm.
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In their study Krishnani [16] used different configurations of foot step to see their effect on
aerodynamic drag. The foot step is simulated with five configurations by varying the width of the
foot step. For the foot step with 1.3 W (W is width of the width in meters), drag coefficie nt was
the lowest.
Another add on device used in that study [16], is boat tail plate that has been added on both
upper and lower end of the SUV. Different angle of inclination of both plates have been tried.
The optimum angle for the boat tail plates was between the angle of 10˚ and 15˚.
Sudin et al [17] reviewed some passive and active flow controlling devices. The vortex
generator, spoiler, and splitter have been reviewed as the passive methods, while steady blowing,
suction and air jet that controls the flow actively have also been reviewed.
Bansal et al [31] has studied the effect of adding vortex generators, spoiler and multiple tail
plates on the rear end of the aerodynamics of a generic model of passenger car.
They [31] got the best result when the VGs were added on the rear side at roof of the baseline car
with inclination angle 12°. The drag was reduced 1.17% compared to the baseline model.
Addition of a rear spoiler at an inclination angle of 12° gave 2.02% improvement in the
coefficient of drag [31].
In that study [31], velocity of airflow from the underbody to the rear of the vehicle was reduced
by a diffuser type tail plate mounted at the rear of the vehicle. The drag coefficient was reduced
by 3.87% compared to the baseline car.
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The most effective case was where the combination of vortex generators and rear spoiler was
applied [31]. In that combination the drag was reduced by 4.35%.
Ahmed et al [33] worked on the aerodynamics of a generic Sedan. They showed how the use of
front bonnet duct, diffuser, rear wing and vortex generator affect the flow around the vehicle and
thus the coefficient of lift and drag.
The delta wing-shaped vortex generator has been found to be more effective that bumped-shaped
one. In this study [33], the height of the vortex generator has been kept almost equal to the
thickness of boundary layer. Air has been flowing into the wake zone and filling up the empty
space when vortex generators have been added and thus the pressure in the back of the car has
been improved. After using vortex generators, the coefficient of drag has been reduced by
4.95%.
Koike et al [34] have worked on the optimum height and location of the vortex generator for a
generic passenger car model. A point immediately upstream of the flow separation point was
assumed to be optimum location for placing the vortex generators.
That study [34] used bumped-shaped and delta wing-shaped vortex generators of 15 mm, 20 mm
and 25 mm height. The coefficient of drag was the smallest at the height of 20 to 25 mm.
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3 Motivation and Scope of Present Study
The SUV became popular in the United States, Canada, India, and Australia in the 1990s and
early-2000s. Automobile customers were drawn to SUVs' large room, higher ride height
and safety.
According to Euromonitor International [42]:
"The popularity of SUVs in the early 2000s has precipitated a rush of companies trying to
capitalize, with a growing number of brands and new concept offerings like crossovers to appeal
to a wider audience. However, a combination of key social changes such as urbanization, smaller
households and an ageing population, in conjunction with increasing emissions regulations, have
also boosted the fortunes of the small car segment."
During their best years in the 1990s, U.S. automakers made $10,000 or more in profit per SUV
sale. [30] But as discussed earlier, fuel efficiency is acting as a negative factor among
automobile buyers while considering SUV. And aerodynamics of the vehicle has direct impact
on fuel efficiency.
The scope of this study was to analysis the parameters that have impact on the aerodynamic drag
of the SUV. The initial studies have been done for a generic SUV model that has been used as
the benchmark along with the literature review.
This study mainly focused on the effect of geometry, yaw angle and speed. Here, the
aerodynamic drag of the generic SUV model, that is designed to be similar as the contemporary
market available models, has been calculated.
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The second part of the study has showed the effects of add-on devices and change in geometry
on the aerodynamic drag, flow pattern and the length of the wake zone of the baseline model.
Table 1 describes the parameters that have been considered in this study. For each geometry
study have been performed on both city and highway speed and with each modification and
speed the effect of yaw angle has also been studied.
In modification 1, the effect of rear spoiler on drag coefficient has been studied.
In modification 2. The shape of the side mirror has been modified to see its effect on
aerodynamic drag.
In modification 3, vortex generators have been added for the reduction of coefficient of drag.
Modification 4 is the combination of modification 1, 2 and 3 based on the drag coefficient value.
The outcomes of this study are:
1) Designing an aerodynamic SUV model
2) Application of different modification tools for reducing aerodynamic drag.
3) Observation of cross wind effect.
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Table 1: Study parameters
Geometry

Speed
(MPH)
70

Baseline Model

Modification 1
Addition of rear wing

45

Yaw Angle
(Degree)
0
3
6
0

70

3
6
0
3
6

45

0
3
6

Modification 2
Change in shape of Side Mirrors

70

45

Modification 3
Use of Vortex Generator

70

45

Modification 4
Combination of modification 1,2 and 3 based
on the aerodynamic drag

70

0
3
6
0
3
6
0
3
6
0
3
6
0
3
6

45

0
3
6
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4 Numerical Solver
CFD solver is based on equation models to describe a model. It is a complex mathematical
solving algorithm. It is not possible to solve five governing equations with five unknowns for
each cell of the mesh. So, an alternative process like Finite Volume Method is used.

4.1 Governing Equations
Governing equations are used to build the mathematical representation and to state the
conservation laws of physics.

4.1.1 Conservation of Mass
According to the conservation of mass principle, if there is no transfer of matter and energy in a
system, the mass of the system must remain constant over time, so quantity of a substance cannot
be added nor removed. Hence, mass is conserved over time. The flow going into the fluid
element increases the mass and the flow coming out of the element decreases its mass. [18]
If a fluid element of lengths dx, dy, dz is considered, the volume of the element is V = dx dy dz.
The center of the element is at point (x,y,z) and at the center the velocity components are (u, v,
w).
The general equation of Conservation of Mass [18] is
𝜕𝜌
𝜕𝑡

+

𝜕(𝜌𝑢)
𝜕𝑥

+

𝜕(𝜌𝑣)
𝜕𝑦

+

𝜕(𝜌𝑤)
𝜕𝑧

=0
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(3)

For steady compressible fluid [18],
𝜕(𝜌𝑢)
𝜕𝑥

+

𝜕(𝜌𝑣)
𝜕𝑦

+

𝜕(𝜌𝑤)
𝜕𝑧

=0

(4)

For incompressible fluid, density ρ is constant. So, the equation for Conservation of Mass [18] will
be:
𝜕(𝑢)
𝜕𝑥

+

𝜕 (𝑣)
𝜕𝑦

+

𝜕 (𝑤)
𝜕𝑧

=0

(5)
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4.1.2 Conservation of Momentum
Momentum of an object can be defined as the product of its mass and velocity. The law of
Conservation of Momentum says that, within a domain, the momentum is constant, and it is
neither created nor destroyed unless there is any action of forces as described in Newton’s Law
of Motion. Calculation of momentum is more difficult as compared to mass and energy since this
is a vector term.
The same fluid element as considered in section 4.1.1, can be considered for Conservation of
Momentum.
There are 9 components of the stress that are acting on the element. The normal stresses are: τxx,
τyy, τzz and the shear stress: τxy τxz τyx τyz τzx τzx
The general equation of Conservation of Momentum in X-direction [18] is:
𝜕(𝜌𝑢)
𝜕𝑡

+

𝜕(𝜌𝑢𝑢)
𝜕𝑥

+

𝜕(𝜌𝑣𝑢)

+

𝜕𝑦

𝜕(𝜌𝑤𝑢)
𝜕𝑧

=

𝜕( −𝑝+𝜏xx)
𝜕𝑥

𝜕(𝜏yx)

+

𝜕𝑦

+

𝜕(𝜏zx)

+

𝜕(𝜏zy)

𝜕𝑧

+ 𝑆𝑥

(6)

+ 𝑆𝑦

(7)

Similarly, in Y and Z-direction, the equations will be [18]:
𝜕(𝜌𝑣)
𝜕𝑡

𝜕(𝜌𝑤)
𝜕𝑡

+

𝜕(𝜌𝑢𝑣)

+

𝜕(𝜌𝑢𝑤)

𝜕𝑥

𝜕𝑥

+

𝜕 (𝜌𝑣𝑣)

+

𝜕(𝜌𝑣𝑤)

𝜕𝑦

𝜕𝑦

+

+

𝜕(𝜌𝑤𝑣)
𝜕𝑧

=

𝜕(𝜌𝑤𝑤)
𝜕𝑧

=

𝜕 ( 𝜏xy)
𝜕𝑥

+

𝜕( 𝜏xz )
𝜕𝑥

+

𝜕(−𝑝 +𝜏yy)
𝜕𝑦

𝜕(𝜏yz)
𝜕𝑦

+

𝜕𝑧

𝜕 (−𝑝+𝜏zx)
𝜕𝑧

Here Sx, Sy and Sz are body forces in X, Y and Z-directions respectively.
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+ 𝑆𝑧

(8)

4.1.3 Conservation of Energy
According to the law of Conservation of Energy, in an isolated system, the total amount of
energy is constant [18], i.e. energy cannot be created or destroyed. The equation for
Conservation of Energy is derived from the first law of thermodynamics which states that the
rate of change of energy is equal to the rate of work done and the heat flux due to conduction.
So, if rate of energy increase = rate of heat added + rate of work done,
Rate of energy increase [18]:
𝐷𝐸
𝜌( )𝑑𝑥𝑑𝑦𝑑𝑧
𝐷𝑡

Rate of heat added [18]:

−[

𝜕(𝑞𝑥 ) 𝜕(𝑞𝑦 ) 𝜕(𝑞𝑧 )
] 𝑑𝑥𝑑𝑦𝑑𝑧
+
+
𝜕𝑥
𝜕𝑥
𝜕𝑥

Rate of work done [18]:

[

[

[

𝜕 (𝑢(−𝑝 + 𝜏xx )) 𝜕 (𝑢𝜏𝑦𝑥 ) 𝜕 (𝑢𝜏𝑦𝑧)
] 𝑑𝑥𝑑𝑦𝑑𝑧
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧

𝜕(𝑣𝜏xy )) 𝜕 (𝑣(−𝑝 + 𝜏𝑦𝑦 )) 𝜕(𝑣𝜏𝑦𝑧 )
] 𝑑𝑥𝑑𝑦𝑑𝑧
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧

𝜕 (𝑤𝜏xz )) 𝜕 (𝑤𝜏𝑦𝑧 ) 𝜕(𝑣(−𝑝 + 𝜏_𝑧𝑧 ))
+
+ ] 𝑑𝑥𝑑𝑦𝑑𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧

Then the general form of Conservation of Energy equation will be [18]:
𝐷𝐸

𝜕( 𝑢(−𝑝+𝜏 xx) )

𝐷𝑡

𝜕𝑥

𝜌( ) = [
[

𝜕( 𝑤𝜏xz) )
𝜕𝑥

+

+

𝜕(𝑢𝜏 𝑦𝑥)
𝜕𝑦

+

𝜕(𝑤𝜏 𝑦𝑧) 𝜕( 𝑣(−𝑝+𝜏 𝑧𝑧))
𝜕𝑦

𝜕𝑧

𝜕(𝑢𝜏 𝑦𝑧)
𝜕𝑧

+]−[

]+ [

𝜕( 𝑞𝑥)
𝜕𝑥
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+

𝜕(𝑣𝜏 xy ))
𝜕𝑥
𝜕(𝑞𝑦)
𝜕𝑥

+

+

𝜕(𝑣(−𝑝+𝜏𝑦𝑦) )
𝜕𝑦

𝜕( 𝑞 𝑧)
𝜕𝑥

] + 𝑆𝐸

+

𝜕(𝑣𝜏 𝑦𝑧)
𝜕𝑧

]+

(9)

4.1.4 Turbulence Model – Standard K-ɛ
In Reynold’s-averaged Navier-Stokes method, two models are used most frequently: k-ε and k-ω
model. In this study, k-ε model has been used.
The k-ε model solves for k, the turbulence kinetic energy and ε (epsilon), the rate of dissipation
of turbulence kinetic energy. It has a good convergence rate and low memory requirement.
Thus, it is popularly used in industrial applications [18].
The k-ω model is similar to the k-ε model, but it solves for ω (omega) — the specific rate of
dissipation of kinetic energy. Although it is used where Reynold’s number is low, it can also
be used with wall function. It more sensitive than k-ε model. It behaves more nonlinearly and
difficult to converge [18].
In k-ε model, the eddy viscosity is expressed in terms of k and ε .
𝑘2

𝜇𝑡 = 𝐶𝜇 ( 𝜀 )

(10)

There are two more governing equations [18]:
𝜕𝜌𝐾
𝜕𝜏

𝜕𝜌ɛ
𝜕𝜏

+

+

𝜕𝜌𝐾𝑈𝑗
𝜕𝜏

𝜕𝜌ɛ𝑈𝑗
𝜕𝜏

=

𝜇

𝜕𝐾

= 𝑃𝑘 + 𝐺𝑘 − 𝜌ɛ + 𝜕/𝜕𝑥𝑗 [ (𝜇 + 𝜎 𝑡 ) 𝜕𝑥 ]
𝑘

𝜕
𝜕𝑥 𝑗

[(𝜇 +

𝜇𝑡
𝜎ɛ

)

𝜕ɛ

ɛ

ɛ2

𝐾

𝐾

] 𝐶ɛ1 (𝑃𝑘 + 𝐶ɛ3 𝐺𝑘 ) − 𝜌

𝜕 𝑥𝑗

(11)

𝑗

𝐶ɛ2

(12)

Here Pk and Gk are the model constants and are expressed as [18]:

𝑃𝑘 = 𝜌𝑢1 𝑢 2

𝜕𝜌𝑈𝑖
𝜕𝑥 𝑗

𝜕𝑈

= µ 𝑡 (𝜕 𝑥 𝑖 +
𝑗

𝜕𝑈𝑗
𝜕 𝑥𝑖

𝜕𝑇

𝐺𝑘 = 𝛽𝑔𝑖 (𝑘𝑖 /𝐶𝑝 )(𝜕𝑥 )
𝑖
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𝜕𝑈

) 𝜕 𝑥𝑖

(13)

𝑗

(14)

where, the constant values are as in table 2.
Table 2: Values of the constants
𝐶𝜇

0.09

𝜎𝑘

1.0

𝜎ɛ

1.3

𝐶ɛ1

1.44

𝐶ɛ2

1.92

𝐶ɛ3

0 – 1.0

Prt

0.7 - 0.9
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5 CFD Modeling
5.1 CAD Model
One of the most major parts of this study was to model a SUV that goes similar with the present
models available. Nowadays the models have been made to be more aerodynamic compared to
the box type SUVs used before as discussed earlier in this study. In this study a generalized
model has been designed based on the contemporary SUV models in market like Toyota Rav4,
Honda CRV, Subaru Cross trek etc. The model is designed in such a way that the air flows more
smoothly around the vehicle. The model used in this study has been kept as simple as possible. It
has the side mirrors and a simple front radiator.
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5.1.1 Baseline Model Details
The over-all length of the model is 3982.48 mm, the width is 1896.68 mm and the height is
1449.02 mm.

Figure 2: Isometric View

31

Figure 3: Dimension Details

32

Table 3 shows the dimentions of Honda CR-V [19] and Toyota RAV4 [20] respectively. The
dimensions indicate how reasonably the model is designed.
Table 3: Major Dimensions
Dimension Parameter

CAD Model (mm)

Market Available Model
(mm)

Wheel to wheel distance

2620

2620 [19]

Total length

3982.41

4530 [19]

Wheel to wheel distance

1396.68

1570 [20]

1896.68

1845 [20]

(lengthwise)

(widthwise)
Total width

The wheel to wheel distance in lengthwise direction is 2620 mm for this model which is same as
Honda CR-V. The overall length of Honda CR-V is 4530 mm, which is close to the overall
length of the model (3982.41 mm).
Again, in widthwise direction the wheel to wheel distance for Toyota RAV4 is 1570 mm and for
the generic model it is 1396.68 mm.
The domain is 6 times longer than the SUV, 3 times in the front and 3 times in the back. The
height of the domain is 4.3 times to the height of the SUV. The width of the domain is 3 times
the width of the SUV [Figure 4].
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Figure 4: Domain dimension
The reference area for calculation of drag coefficient is 2.081617 m2 and 1.017707 m2 for full
and half symmetric model, respectively. The coordinate system used for the study is also shown
in Figure 4. The free stream flow is in negative x-axis. The y-axis is in vertical direction and zaxis is in lateral direction.
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Figure 5: Axis Orientation
The underbody of the model has been kept simple but with some geometric details. Figure 6
shows the bottom view of the model where the underbody can be seen.

Figure 6: Underbody of the generic model
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5.1.2 Modified Model Details
As discussed in section 3, the baseline model has been modified with three different modification
tools. Also, all the modifications have been combined in one single model to observe the change
in aerodynamic behavior of the model.

5.1.2.1

Addition of Rear Wing

In the first modification, the baseline generic SUV model has been modified with the addition of
two different configuration of rear wing. Figure 7 (a) and (b) show the two types of rear wing
that have been studied.

Modification 1.1

(b) Modification 1.2
Figure 7: Addition of rear wing
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In modification 1.1, both wings are 20 mm thick and they are added to the SUV at 20° angle of
inclination with the horizontal plane. The cross section is rectangular. The upper and lower ones
are 100 mm and 150 mm long, respectively (Figure 8).

Figure 8: Dimension details of modification 1.1
In modification 1.2, only one wing of triangular cross section has been added to the baseline
model and at a higher point along the SUV. The wing dimension details can be seen from Figure
9. The wing was added at 10° upward, 10° downward and 0° angle of inclination with the
horizonal plane. Among them, the one at 10° downward angle of inclination has shown
improvement in aerodynamic drag.

37

Figure 9: Dimension details of modification 1.2
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5.1.2.2

Change in Shape in Side Mirrors

In modification 2, the side mirror of the generic SUV model has been modified so that it is
broader and wider, also like the shape of the side mirrors used in SUVs now a days. Figure 10 (a)
and (b) show the side mirror in baseline model and the one in modified version.

(a)

(b)
Figure 10 : Shape of side mirror (a) in baseline model and (b) in modification 2
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Modification 2 has been done for two different sizes of side mirrors with the same shape. Figure
11 indicates the basic dimension of modification 2.1 and 2.2.

(a) Modification 2.1

(b) modification 2.2

Figure 11: Dimension details of side mirror
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5.1.2.3

Use of Vortex Generators

The shape, size and location of the vortex generator play an important role in the aerodynamics
of the vehicle. It has been found from the literature review (section 2.2) that delta wing- shaped
vortex generators have better performance in reducing aerodynamic drag. So, in this study, the
delta wing- shaped vortex generators have been added to the baseline model.

Figure 12: Vortex generators
Vortex generators control the boundary layer and thus they are most effective inside the
boundary layer. So, for deciding the optimum size of the vortex generator, the boundary layer
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thickness has been measured from the flow structure of the baseline simulation, where it was
found the thickness of the boundary layer is around 30 mm. The height is kept 30 mm (Figure
13).

Figure 13: Dimension details of vortex generator
In total seven vortex generators have been used, one center vortex generator and three on each
side of the center one. Figure 14 shows how the vortex generators have been arranged on each
side of the center vortex generator. Each of them is 7.5 mm thick and are placed 150 mm apart
from one another. They are inclined at 45° angle with respect to the center vortex generator.

Figure 14: Arrangement of vortex generators with respect to the center one
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The vortex generators have been placed at different points along the SUV. The coefficient drag
was the least while they were placed 50 mm above with respect to a specific point of the SUV
(Figure 15).

Figure 15 : Location of the vortex generators
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5.1.2.4

Combination

Based on the lowest drag coefficient values of all the modifications, a combination model has
been created where modification 1.2, 2.2 and 3 have been added to the baseline model (Figure
16).

Modified side mirror

Rear wing

Vortex generators

Figure 16: Combination of baseline and all the modifications
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5.2 Mesh Model
The mesh model was generated to optimize the number of cells so that the flow pattern can be
captured properly with a smaller number of cells to save computational power. But at the same
time capturing the detail properly was also a challenge. Surface remesher, polyhedral mesher and
prism layer mesher have been used in this study to develop the mesh.

5.2.1 Surface Remesher
Generally, surface remesher is used where the surfaces produced by the surface wrapper and
STL data need to be remeshed. If prism layer is selected along with surface remesher, it aids the
subsurface generator and also improves the surface for volume mesher. [23]
To improve the overall quality of the surface, the surface remesher is used. It re-triangulates the
existing surface. The factors that controls the remeshing can be the supplied target edge length
and also the feature refinement based on curvature and surface proximity. It also includes
localized refinement based on the boundaries. [24]
In surface remesher, sometimes specific boundaries are omitted to preserve the original
triangulation from the imported mesh. [24]
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5.2.2 Polyhedral Mesher
The cells in the polyhedral mesher have neighbor cells and so the gradients can be approximated
better than the tetrahedral mesher by the use of liner shape functions and the information
gathered from the nearest cells. Polyhedral mesher allows a reasonable prediction of gradients
and local flow distribution. Having more neighbor cell means more storage and computing
operations per cell is compensated by higher accuracy. [26]
Cells are less sensitive to stretching in polyhedral mesher. They are able to be joined, split or
modified by using additional points, edges and faces by the advantage of limitless possibilities
offered by smart grid generation and optimization techniques [27].
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5.2.3 Prism Layer Mesher
Prism layer mesher is used to capture the effects of shear and boundary layer physics near
surface. Though it has been always a very powerful tool in CFD, CAE has started using it for
getting a better solution of physics perpendicular surfaces of the models. [25]
One of the major concerns of prism layer mesher is the width of prism layer to capture the Wall
Y+ value for Navier-Stokes equation. Since prism layer mesh gives more elements perpendicular
to the surface, better resolution of the solution normal to the surface can be achieved with less
number of elements along the surface that makes the algebraic marching procedure extremely
fast and efficient. [25]

47

5.2.4 Present Study Mesh
To accurately capture the flow patterns around SUV and wake zone in detail with the least
possible number of cells, half symmetric model has been considered to reduce the computational
power.
The mesh parameters in this study have been kept the same as the study titled A Parametric CFD
Study of a Generic Pickup Truck and Rear Box Modifications [38] where the mesh model was
chosen to capture all the fine details of the model using an optimum number of cells (4.8
millions). In that study [38] a good convergence of the numerical simulation was achieved while
using less computational power.
In the present study, the overall number of cells was 1.97 million for base model with a
reasonably refined mesh around the SUV.

(a) Symmetry plane

(b) Boundary layer
Figure 17: Volume Mesh
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Volume Controls have been used around the front radiator and side mirror. Though they have
increased the number of cells little but also the fine details have been captured.

Figure 18: Details captured by volume controls
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The basic mesh parameters of this study are given in Table 4:
Table 4: Basic mesh parameters
Mesh Parameters

Value

Base size

1.0 m

Number of prism layer

10

Prism layer stretching

1.2

Prism layer thickness

15 mm (absolute)

Surface curvature

200

Surface growth rate

1.05

Absolute minimum size

2.54 cm

Absolute target size

250 mm

Tet/Poly density

1.0

Tet/Poly growth factor

1.1

Tet/Poly volume blending factor

3.0
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5.3 Boundary Conditions
Boundary conditions define the finite end of a problem. They are required to understand the flow
at a certain point.
This study has been performed with the half symmetric model. The entire domain has been
divided into four regions: a. SUV, b. Ground, c. Air stream, d. Symmetry plane.

Ground: Since the vehicle will be moving relative to the ground, the ground has been
considered as moving and the wheels as stationary.
Air Stream: The air stream has been considered as flowing at a speed of 70 mph in a direction
opposite to the vehicle’s motion.
SUV: The SUV has been considered as wall.
Symmetry Plane: To save the computational power, half symmetric model has been considered.
A plane has been considered that is situated exactly at the middle of the model. By using the
symmetry plane, the solver needs to solve the equations for half number of cells of the entire
model.
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a. SUV

b. Air

c. Ground

d. Symmetry plane
Figure 19: Region divided into boundaries

The boundary condition applied by Mokhtar et al in “Further analysis of pickup trucks
aerodynamics” [37] has been reproduced in this study for the full domain, since the results of
that study [37] was validated in an actual wind tunnel. In the full domain the coefficient of drag
was found nearly same as the half symmetric model.
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6 Results
The simulations of the baseline and modified have been performed at 45 and 70 mph speed and
0°, 3° and 6° yaw angle.

6.1 Flow Analysis
6.1.1 Baseline
Figure 20 shows the pressure distribution for 0° yaw angle at 70 mph. The high-pressure zone
exists at the front of the car where the air stream first come in contact with the car.
Again, at the roof, two negative pressure zones can be seen. Also, low pressure exists at the
underbody.

Figure 20: Pressure Distribution

53

From the velocity vector, the wake zone at the rear end and the stagnation point at the front end
of the car can be observed clearly. In the wake zone, a cone-shaped zone is created. This reduces
gradually as it moves away from the car.
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Figure 21: Velocity Vector
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A better view of the flow separation can be seen from the stream lines around the car. The flow
is separated from the two corners of the car and this separation continues through the wake zone.

Figure 22: Flow Separation
Pressure coefficient Cp is a dimensionless quantity which is used for analyzing the relative
pressure at a certain point of the flow field. It is expressed through the following equation [41]
P−P͚

Cp = 1
2

V͚²ρ͚

=

P−P͚
Pₒ− P͚
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(15)

where,
V∞ is the freestream velocity
ρ∞ is the freestream fluid density
P is the static pressure at a certain point for which Cp is to be calculated
P∞ is static pressure in the free stream
Po is the stagnation pressure in the flow field
From Figure 23 the pressure coefficient seems to be reasonable. At the front of the car where the
air first hits, ideally pressure coefficient should be 1 for this region. Also, from the figure, C p is
highest at the front of the car. This is due to the stagnation point at the front of the vehicle where
the air stream first hits. A high-pressure region exists at the side mirrors for the same reason,
A low pressure can be seen at some portion of the front wheel since the air stream velocity is
very high when it passes the corners of the vehicle.

Figure 23: Coefficient of Pressure
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Wall Y+ is the measurement of how accurately the boundary layer conditions are captured.
Based on the prism layer mesh configuration, the near wall boundary layers are divided into
several strata. The wall Y+ value is higher in outer layers than the inner ones and this is very
crucial to capture velocity gradient adjacent to the boundaries. For the present study, standard k-ε
turbulence model and high Y+ wall treatment are selected.
The Wall Y+ value is less than 30 for almost all over the car except the front radiator and side
mirrors. These abrupt increases in Wall Y+ value are formed due to numerical error from the
stagnation points. At the same time the present study focuses on rear body modifications where
the wall Y+ values are very reasonable. In Figure 24, a plot of wall Y+ has been represented.

Figure 24: Wall Y+
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6.1.2 Modification 1.1 (Two Rear Wing)
From Figure 25, the wake zone can be seen in the same plane for baseline and modification 1.1.
The velocity of air has reduced in the wake zone for modification 1.1, which indicates there is
improvement of negative pressure with the addition of the wings.

(a) Baseline

(a) Modification 1.1
Figure 25: Velocity contour at the wake zone in the same plane section
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The improvement in negative pressure can be visualized better in Figure 26. The negative
pressure zone has reduced in modification 1.1.

(a) Baseline

(b) Modification 1.1
Figure 26: Pressure contour at the wake zone in the same plane section
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Figure 27: Velocity Vector Plot for Modification 1.1
The velocity vector plot in Figure 27 shows the upper and lower wings are moving the air to flow
into the wake zone. As a result, more air is getting inside the rear of the vehicle to fill up the
empty space.
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The size of the vortex in wake zone has reduced in modification 1.1 (Figure 28)

(a) Baseline

(b) Modification 1.1
Figure 28: Vortex size in wake zone
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6.1.3 Modification 1.2 (Single Rear Wing)
In modification 1.2, although the lower portion of the wake zone shows some reduction of
pressure, improvement can be noticed in the upper portion. The negative pressure zone in the
upper portion has reduced due to the addition of the rear wing.

(a) Baseline

(b) Modification 1.2
Figure 29: Pressure contour at the wake zone in the same plane section
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The velocity contour at the wake zone (Figure 30) also indicates that the velocity of air has
reduced in modification 1.2. As a result, pressure has increased.

(a) Baseline

(b) Modification 1.2
Figure 30: Velocity contour at the wake zone in the same plane section

64

Figure 31: Velocity Vector Plot for Modification 1.2
When the air stream comes in contact with the rear wing, the velocity gets reduced (Figure 32).
Due to this reduction of velocity at the rear of the vehicle, there is increase in pressure.

Figure 32: Velocity streamline in Modification 1.2

65

A plane aligned with the rear wing has been taken to see the change in pressure distribution due
to the wing. When the two cases (with and without wing) have been compared, the model with
the rear wing showed significant improvement in pressure distribution.

(a) Without wing

(b) With wing
Figure 33: Pressure contour at roof of SUV in the same plane section
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6.1.4 Modification 2 (Modified Side Mirror)
The shape and size of the side mirrors have been changed in modification 2. In modification 2.2,
with the same shape, the height and width of the side mirror have been increased compared to
modification 2.1. As a result, the total frontal area of the vehicle has increased.

Table 5: Frontal areas for baseline and modification 2

Frontal Area (Baseline)

Frontal Area

Frontal Area

m2

(Modification 2.1)

(Modification 2.2)

m2

m2

1.015910

1.029094

1.017707
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(a) Baseline

(b) Modified Side Mirror 1

(c) Modified Side Mirror 2
Figure 34: Streamlines around the side mirrors
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The flow separation around the side mirror (Figure 35) for the baseline and the modified side
mirror has been observed. It was seen that due to an increase in frontal area, the flow is
separating more in the modified version than the baseline. Also, there is an increase in the
velocity when the air is flowing around the side mirror, which in turn decreases the pressure.
This velocity increase is more in the cases with the modified side mirror.

Baseline

Modified side mirror 1

Modified side mirror 2
Figure 35: Flow Separation around side mirror
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The surface pressure has also decreased in the modified side mirror (Figure 36). This is due to
the increase in air velocity as discussed above.

(a) Baseline

(b) Modified side mirror 1

(c) ©Modified side mirror 2
Figure 36: Pressure distribution on the surface of the side mirror
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In Figure 37, the same number of streamlines have been taken in the same plane for the baseline
and two modified side mirrors. The baseline has comparatively less separated flow than the other
two cases. In addition, if the end of the flow separation zone is compared between modified side
mirror 1 and 2, the flow separation is more in modified side mirror 1 than 2.

(a) Baseline

(b) Modified side mirror 1

(c) Modified side mirror 2
Figure 37: Representation of size of vortex in the wake zone through streamline
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In baseline majority of the flow has got converged closer to the vehicle. But with the addition of
modified side mirror 1 and 2, the flow has got converged further away from the vehicle, which in
turn has created an increase in drag coefficient.

(a) Baseline

(b) Modified side mirror 1

(c) Modified side mirror 1
Figure 38: Flow separation in the wake zone through streamline

72

From Figure 39, the wake zone has been captured for each case with velocity iso-surface at 20
m/sec. The length of the wake zone has increased in the modified side mirrors than the baseline.
As a result , the drag coefficient has increased (discussed in section 6.2).

(a) Baseline

(b) Modified side mirror 1

(c) Modified side mirror 2
Figure 39: Velocity iso-surface at 20 m/sec
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6.1.5 Modification 3 (Vortex Generators)
As discussed in section 5.1.2.3, the vortex generator has been designed in such a way so that the
height of the vortex generator is nearly equal to the boundary layer thickness to get maximum
improvement in drag coefficient as found from the literature review. Also, the vortex generators
have been added in three different points along the vehicle to find the optimum location for
them. The flow structure of the case that has resulted the least drag coefficient, has been
discussed in this section.
As found from literature review [15], when the air comes in contact of a vortex generator, the
pressure around it starts decreasing, which makes the velocity to increase. Due to this increase in
velocity, the flow separation gets delayed and thus decreases the drag force.
In this study, total seven vortex generators have been added on the surface of the vehicle. The
center one has been positioned straight and the three at each side are oblique at an angle of 45°.
The reason behind placing the vortex generators in oblique position is to draw high velocity air
stream into the boundary layer on the vehicle surface.

Figure 40: Pressure contour on a plane aligned with the vortex generators
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To observe the above-mentioned effect of vortex generators on the pressure, a plane parallel to
ground was taken (Figure 40). The pressure contour around the vortex generators shows a
reduction in pressure, which is an agreement with what was found from literature review.
Due to the creation of vortices around the vortex generators (Figure 41), the flow separation is
getting delayed and that causing an improvement of drag coefficient.

(a) Without vortex generators

(b) With vortex generators
Figure 41: Vortices generated around the vortex generators
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A close view of velocity vector around the vortex generators (Figure 42) shows that the flow has
been more attached to the surface of the vehicle compared to the case without any vortex
generator.

(a) Without vortex generators

(b)With vortex generators
Figure 42: Air flow around the vortex generators
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6.1.6 Combination
In the combination model, all the modifications have been combined with the baseline model.
For modification 1 and 2, modification 1.2 and 2.2 have considered respectively, since they gave
the lower drag value.
The intensity of the vortex in the wake zone in the baseline and in the combination can be seen in
Figure 43. It can be clearly seen that the vortex in the wake zone has become less intense in the
combination case as compared to the baseline, which in turn has positive effect on the drag force
(discussed in section 6.2).

(a) Baseline

(a) Combination
Figure 43: Vortex intensity at the wake zone represented by same number of streamlines
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The combined effect of all the modifications on the pressure contour at wake zone can be seen
from Figure 44. The negative pressure has improved here.

(a) Baseline

(b) Combination
Figure 44: Pressure contour at the wake zone in the same plane section
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6.2 Drag Coefficient
6.2.1 Drag Coefficient for Baseline Model
In the present study, for half symmetric baseline simulation, the coefficient of drag, C d is 0.3797
at 0° yaw angle at 70 mph. When then CFD simulation was done for the full model for a
different mesh at 0° yaw angle at 70 mph, the coefficient of drag was found as 0.3845, which is
1.27% higher than the C d found for the half symmetric model.
In the present study, the aerodynamic drag of the generic SUV model has been observed by
changing three parameters. They are:
1. Change in geometry
2. Change in speed
3. Change in yaw angle
The effect of changing these parameters on aerodynamic drag has been discussed in following
section.
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6.2.1.1

Effect of Geometry on Drag Coefficient

In section 6.1, the change in flow pattern by the addition of different add-on devices has been
discussed in detail. In this section the coefficient of drag found from the numerical simulations
with the modified geometry has been discussed.

C D in Baseline and Modified Models
0.41
0.4
0.39
0.38

CD

0.37
0.36
0.35
0.34

0.33
0.32
0.31

Baseline

Double Rear Wing

Single Rear Wing

Modified Side Mirror 1 Modified Side Mirror 2 Vortex Generators
Combination
Figure 45: Cd in Baseline and Modified Models
Figure 45 shows the values of coefficient of drag for the baseline and all the modified model.
Except for the models with the modified side mirrors, all the modifications have shown reduction
in coefficient of drag.
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CHANGE IN CD%
4.48
2.92

0

-3.03
-4.82

-6.93
-9.8
Figure 46: Percentage change in Cd in Modified Models
The change in C d in percentage is shown in Figure 46. It shows the highest reduction in
coefficient of drag has been found in modification 1.2 i.e. the model with the single rear wing.
In the combination model, the single rear wing and the vortex generators have been added with
the baseline model. The side mirrors of the baseline model have been replaced with the modified
side mirror 2. Although, the modified side mirror 2 had contribution in increasing the drag value,
the overall drag coefficient in the combination has reduced by 4.82%.
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6.2.1.2

Effect of Speed on Drag Coefficient

The definition of C d says, Cd increases at a lower speed. The result presented in section 6.2.1.1
have been obtained from the numerical simulations that were run at highway speed i.e. at 70
mph. In this section the results obtained from city speed i.e. 45 mph will be compared to that of
70 mph.

COEFFICIENT OD DRAG, CD

Change in C D with Speed
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

70 mph

45 mph

Figure 47: Change in C d with Speed
Figure 47 shows the values change in drag coefficient in each model due to the change in speed.
In each case, Cd has increased at 45 mph compared to that of 70 mph. The increase in Cd at a
lower speed can be justified from equation (1), which shows Cd is indirectly proportional to the
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square of speed. Although the drag force Fd has decreased in every case with the reduction in
speed but the square of velocity is dominant here over the drag force.
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6.2.1.3

Effect of Change in Yaw angle on Drag Coefficient

In this study the effect of change in yaw angle on coefficient of drag has been observed for 0°, 3°
and 6° yaw angles. The following figures (Figure 48 – Figure 54) show how the Cd value
changes at different yaw angles. It can be noticed that in all cases, for 70 mph Cd gradually
increases with the increase in yaw angle but at 45 mph, C d increases till 3° yaw angle and then
gradually decreases.
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Figure 48: Change in C d yaw angle for baseline
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Figure 49: Change in C d yaw angle for double rear wing
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Figure 50: Change in C d yaw angle for single rear wing
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Figure 51: Change in C d yaw angle for modified side mirror 1
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Figure 52: Change in C d yaw angle for modified side mirror 2
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Figure 53: Change in C d yaw angle for vortex generator
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CHANGE IN CD WITH YAW ANGLE FOR COMBINATION
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Figure 54: Change in Cd yaw angle for combination
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6.3 Validation of Result
A study [39] performed by Jaguar Land Rover conducted wind tunnel test for more than 25
different SUV models of different makers. They did the wind tunnel test in three different
methods (MIRA, SAE and TRRL) at 0° yaw angle and 70 mph. The wind averaged drag
coefficient for all the vehicles was calculated using the three methods and compared to the
measured Cd (Table 4). The Cd value of the SUVs ranges from 0.274 to 0.398.
Table 6: Comparison of Cd Values for SUVs from Wind Tunnel Test [39] plot
SUV 1
SUV 2
SUV 3
SUV 4
SUV 5
SUV 6
SUV 7
SUV 8
SUV 9
SUV 10
SUV 11
SUV 12
SUV 13
SUV 14
SUV 15
SUV 16
SUV 17
SUV 18
SUV 19
SUV 20
SUV 21
SUV 22
SUV 23
SUV 24
SUV 25
SUV 26
SUV 27
SUV 28
SUV 29

Cd
0.274
0.325
0.332
0.338
0.339
0.342
0.344
0.345
0.345
0.354
0.354
0.355
0.359
0.360
0.362
0.364
0.365
0.366
0.38
0.370
0.373
0.375
0.375
0.377
0.378
0.382
0.388
0.389
0.398

MIRA ∆ Cd
0.008
0.011
0.009
0.013
0.013
0.009
0.000
0.010
0.017
0.008
0.012
0.011
0.017
0.012
0.013
0.011
0.005
0.012
0.009
0.007
0.009
0.007
0.008
0.012
0.013
0.009
0.007
0.006
0.009
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SAE ∆ Cd
0.007
0.009
0.006
0.010
0.011
0.006
-0.004
0.008
0.014
0.007
0.010
0.009
0.014
0.010
0.010
0.009
0.001
0.009
0.007
0.005
0.006
0.001
0.005
0.008
0.010
0.004
0.003
0.003
0.006

TRRL ∆ Cd
0.007
0.010
0.006
0.010
0.011
0.007
-0.004
0.009
0.016
0.005
0.010
0.009
0.014
0.011
0.010
0.009
0.002
0.010
0.007
0.005
0.006
0.003
0.005
0.008
0.008
0.006
0.003
0.003
0.006

In the present study, for half symmetric baseline simulation, the coefficient of drag, C d is 0.3797
for 0° yaw angle at 70 mph, which falls into the range of the published data [39] mentioned
above.
The SUV 25 in table 6 has the closest C d value to this study. In that study[39], SUV 25 is Range
Rover LWB 2014 model with a dimension of 5.2m x 1.9m x 1.8m (L x W x H). The dimension
of the generic model of the present study is around 3.9m x 1.5m x 1.4m (L x W x H). Although,
the model of this study has a dimension different from the study, the study [39] has been
conducted with real vehicle which has the effect of internal flow as well as other features. So, the
drag value is not exactly same, but it is close to the published data.
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7 Conclusion
SUVs have become very popular over the years. Despite having several advantages like good
towing capacity, specious seating arrangements, good hauling capacity etc., its fuel economy can
be further improved by the reduction of its aerodynamic drag.
An aerodynamic model of SUV has been designed based on the SUVs on the market. The model
has been kept as simple as possible without compromising the basic features of an SUV. The
major dimensions i.e. length, width, height, wheel to wheel distance have been compared to the
contemporary SUV models.
Surface remesher, polyhedral mesher and prism layer mesher have been used to develop the
mesh model. To capture fine geometric details without making the mesh very dense all over the
model, volume controls have been used in certain areas of the model. As a result, with a
optimum number of cells (1.97 million for half symmetric model) the computational power has
been saved.
This study has been conducted to see how the change in geometry, speed and yaw angle can
affect the flow pattern and the aerodynamic drag of the generic model.
The baseline simulation shows the flow pattern and drag coefficient C d of the generic SUV at
highway speed and at different yaw angles. Improvement in coefficient of drag has been
achieved with the addition of two different configurations of rear wing (respectively 6.93% and
9.8% reduction) and the vortex generators (3.03% reduction).
In this study numerical simulations have been performed at both highway (70 mph) and city (45
mph) speeds At a lower speed, the C d value increased, which is reasonable from the definition of
Cd.
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To see the effect of change in yaw angle if air stream, the full SUV model has been considered.
When yaw angle was changed , there was a gradual increase in C d at 70 mph. But at 45 mph, C d
first increased and the decreased after 3° yaw angle.
The modification tools analyzed in this study can been considered as potential methods for SUVs
to reduce aerodynamic drag. With the improvement in coefficient of drag, a better fuel economy
can be achieved in the future SUV models.
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